In a preliminary note (10) we reported that an Oerskovia species isolated from soil produces inducible extracellular enzymes that rapidly degrade the walls of various yeasts. Enzyme action on viable cells lyses them or forms spheroplasts depending on osmotic conditions. In the absence of osmotic support, the yeast cell wall-degrading enzyme kills yeast cells (including Saccharomyces cerevisiae and Candida albicans) and releases cell contents. Compared on the basis of reducing group production, the Oerskovia enzyme was found to be more active than crude preparations of enzymes from the basidiomycete QM 806 (exo-splitting) and from Rhizopus arrhizus QM 1032 (endo-splitting) in degrading the walls of the cellulolytic fungi Trichoderma viride and Myrothecium verrucaria (7). Because of these attributes we consider this enzyme to have potential use in the release of single-cell protein from yeast and cellulolytic fungi. 
In a preliminary note (10) we reported that an Oerskovia species isolated from soil produces inducible extracellular enzymes that rapidly degrade the walls of various yeasts. Enzyme action on viable cells lyses them or forms spheroplasts depending on osmotic conditions. In the absence of osmotic support, the yeast cell wall-degrading enzyme kills yeast cells (including Saccharomyces cerevisiae and Candida albicans) and releases cell contents. Compared on the basis of reducing group production, the Oerskovia enzyme was found to be more active than crude preparations of enzymes from the basidiomycete QM 806 (exo-splitting) and from Rhizopus arrhizus QM 1032 (endo-splitting) in degrading the walls of the cellulolytic fungi Trichoderma viride and Myrothecium verrucaria (7) . Because of these attributes we consider this enzyme to have potential use in the release of single-cell protein from yeast and cellulolytic fungi. The two Oerskovia strains which we isolated are gram-positive branching actinomycetes that fragment into motile rodlike elements in older cultures. They were examined by M. P. Lechevalier (8) and found to hydrolyze xanthine and hypoxanthine and to have a type VI cell wall plus galactose. Properties of these organisms are similar to several other isolates in her collection from various sources, and she assigned them to a new species, Oerskovia xanthineolytica. IMRU 3959 (LLG-62) was designated as the type strain and deposited in the American Type Culture Collection under no. 27402.
Our Oerskovia strains have been studied in some detail, and this report deals with their isolation, identification, and possible ecological significance.
MATERIALS AND METHODS
Cultures. Known cultures of Oerskovia and some related organisms were obtained from M. P. Lechevalier (Rutgers University, New Brunswick, N.J.). All strains were maintained on slants of soil extract agar (8 g of nutrient broth, 15 g of agar, and 250 ml of soil extract per liter; pH 7.0). Working cultures were grown at 28°C on slants containing 0.8% nutrient broth (Difco Laboratories, Detroit, Mich.), 0.1% glucose, 1.5% agar, and 0.05 M potassium phosphate buffer, pH 7 .0. Can-594 CELL WALL-DEGRADING ENZYMES FROM OERSKOVI4 595 dida albicans 0-5 and the filamentous mutant Candida albicans 806 were obtained from W. J. Nickerson (Rutgers University). Saccharomyces cerevisiae C-299 and the other yeast cultures used in this study were obtained from H. J. Phaff (University of California, Davis). All yeasts were maintained on wort agar slants.
Substrates. Purified yeast cell walls were prepared from a suspension of compressed bakers' yeast (Anheuser-Busch, Inc., Old Bridge, N.J.), by washing four times with water to remove starches and oils. After centrifugation, 10 g of packed yeast cells was suspended in 10 ml of distilled water. The slurry was added to 50 g of glass beads (0.45 to 0.5 mm) and mixed for 3 min at 4,000 rpm in a Bronwill cell homogenizer cooled with liquid CO2. Broken cells were removed from the beads by five successive washings with 20 ml of 0.05 M phosphate buffer, pH 6.5. The washings were combined and centrifuged at 1,000 x g for 5 min. Cell walls were freed of contaminating debris by washing twice with water (4°C), nine times with 0.1% sodium dodecyl sulfate in 10% sucrose, three times in 1% NaCl, and ten times in water. Cell walls, layered on the top of unbroken cells, were decanted, lyophilized, and stored in a freezer.
Washed autolyzed yeast was prepared by washing dehydrated autolyzed yeast (Difco) 6 to 10 times with 0.05 M potassium phosphate buffer, pH 6.5. Yeast mannan was prepared from compressed bakers' yeast by the method of Peat et al. (14) . Mannanprotein complex was prepared by the method of Falcone and Nickerson (4) .
Water-insoluble laminaran (from Laminaria cloustoni fronds) was purchased from Pierce Chemical Co., Rockford, Ill. For enzyme assays, background reducing groups were eliminated by treating the laminaran with sodium borohydride (18) .
Alkali-insoluble yeast glucan no. 4 . This corresponds to 108 cells per ml or 1.7 mg of cells per ml by dry weight. For log-phase cells, 10 ml of these 18-h cells was inoculated into 100 ml of YNB-glucose in a 250-ml flask and incubated for 4 h at 28°C with shaking at 230 rpm. Cells were centrifuged, washed twice with water, and suspended in water to an optical density of 450 Klett units (4 x 10' cells per ml or 5.6 mg/ml by dry weight). Each 4-h culture yielded about 18 ml of suspended log-phase yeast for use in lytic enzyme assays. For reproducible results, these cells could be stored no longer than 4 h at 4°C.
Isolation of yeast cell wall-degrading bacteria. Yeast cell wall-degrading organisms were enriched from soil samples by using a medium containing 5 g (wet weight) of washed autolyzed yeast, 0.5 g of MgSO4 7H20, 0.1 g of NaCl, 0.1 g of CaCl2 2H20, 5.0 g of (NH4)2504, and 0.5 g of yeast extract (Difco) in 1 liter of 0.5 M potassium phosphate buffer, pH 6.5. Two samples of apple orchard soil and two samples of barnyard soil were collected at the New Jersey Agricultural Experiment Station, New Brunswick. The samples were taken at a depth of about 2 to 4 cm after removing debris from the soil surface. A 1-g quantity of each sample was suspended in 10 ml of sterile distilled water. The soil was allowed to settle, and 0.5 ml of the supernatant liquid was inoculated into 50 ml of the enrichment medium in 125-ml Erlenmeyer flasks. After incubation at 28°C on a rotary shaker for 7 days, 0.1 ml from each flask was transferred to flasks of fresh broth and incubated as described above. (1, 17) . One unit of activity is that amount of enzyme producing reducing sugar equivalent to 1 pmol of glucose or mannose per min under the conditions of the assay. In early studies of 8)-(1--+6)-glucanase activity, purified pustulan was used as the substrate, but due to its extremely high reducing sugar background, lutean was substituted in later assays.
Chitinase assay. An agar cup-plate method (19) was adapted for detection of chitinase activity in enzyme preparations. Holes 6 mm in diameter were made with a cork borer in the agar surface of a plate containing 20 ml of 0.1% chitin (ball-milled) in 0.85% purified agar (Difco) and 0.1 M potassium phosphate buffer, pH 6.5. After 0.5 ml of enzyme solution was added to each hole, the plate was incubated for 24 h at 28°C, and the diameter of the clearing zone was measured as an indication of activity.
Protein disulfide reductase assay. The protein disulfide reductase assay and detection systems used were similar to those of Nickerson and Falcone (11, 12) , except that the mannan-protein complex was not oxidized with 0.001 M ferricyanide before use because a sufficient number of disulfide bonds were present due to air oxidation.
Phosphomannanase assay. The method of McLellan and Lampen (9) was used to assay for phosphomannanase activity.
N-acetyl-f8-D-hexosaminidase assay. The Nacetyl-,8-D-hexosaminidase assay was as described by Bhargava and Gottschalk (2) . A f?-Glucosidase assay. A qualitative test was used to determine whether f3-glucosidase activity was present in the enzyme preparation. The reaction mixture contained 1.25 mg of p-nitrophenyl-ft-D-glucopyranose (Calbiochem, La Jolla, Calif.) in 0.5 ml of 0.01 M potassium phosphate buffer, pH 6.5, and 0.5 ml of crude enzyme preparation. The mixture was incubated for 60 min at 30°C, 10 Culture BS-309 is a gram-negative, indolenegative, aerobic, motile rod forming yellow-pigmented colonies. It reduces nitrate to nitrite and is able to grow at 370C. It was tentatively identified as a member of the genus Flavobacterium.
The two isolates from orchard soil are actinomycetes forming yellow colonies and extensively branching vegetative hyphae that break up into motile rods on aging. No aerial mycelium is formed. Young cultures are gram-positive and acid fast. Nitrite is formed from nitrate. Both organisms are facultative aerobes capable of thermotolerant growth at 42°C. Both use acetate, lactate, and pyruvate, but no benzoate, citrate, succinate, or tartrate. Casein, gelatin, starch, chitin, and arbutin are hydrolyzed but cellulose is not. Urease is produced. The only differences observed between the two strains are that OS-309 is able to hydrolyze L-tyrosine and it has a faster growth rate than OS-329. On the basis of these and other data, Lechevalier (8) assigned these strains to a new species, Oerskovia xanthineolytica.
Enzymes produced by lytic organisms. All three bacterial isolates were tested to determine whether extracellular enzymes capable of degrading yeast walls or wall components could be produced in a liquid medium. Erlenmeyer flasks (125 ml) containing 50 ml of the original enrichment medium were inoculated and incubated with shaking for 4 In the previous experiments, it was noted that both spheroplasts and cells with partially degraded walls lysed when the osmotic support was diluted by rapid addition ofwater. Turbidity decreased, but to a lesser extent in enzyme-cell mixtures that were not diluted. Therefore, the turbidimetric assay, as outlined above, employed a dilution step to yield greater sensitivity.
The effect of enzyme concentration on reaction rate is shown in Fig. 1 . It can be seen that percent turbidity decreases linearly with time for at least the initial 8 min of the reaction with all of the enzyme dilutions tested (Fig. 1A) . The rate of decrease in percent turbidity per minute For enzyme production, cells from 5-day slants of soil extract agar were inoculated into 125-ml flasks containing 50 ml of liquid medium consisting of 0.6% autolyzed yeast cells (Difco, washed six times with water) and YNB in 0.05 M potassium phosphate buffer, pH 7.0. After 84 h at 28°C on a rotary shaker, the cultures were centrifuged and the broths were assayed for the three activities. A 6-ml reaction mixture containing 30 lytic units was prepared in osmotic support as for the standard lytic assay. The mixture was monitored continuously in a polarograph for oxygen uptake at 30°C. After 60 min there was only a 20% decrease in oxygen uptake as compared with the control. This decrease most likely resulted from bursting of some spheroplasts. The spheroplasts remaining in the above reaction mixture were removed by centrifugation (4°C), washed with 0.6 M KCl osmotic support buffer, and suspended in 6.0 ml of the osmotic support buffer. The suspension was divided in half, and the rate of oxygen uptake was monitored for each half. One of the spheroplast suspensions was diluted by the addition of 6.0 ml of 0.6 M KCl osmotic support. Although the rate of oxygen uptake decreased by 48% after this dilution, cells continued to respire. However, when the other spheroplast suspension was diluted with 6.0 ml of water, all respiration ceased. Spheroplasts were present in the suspension diluted with osmotic support, but all cells had been ruptured in the one diluted with water. Loss of respiration and viability results from bursting of the spheroplasts rather than from the action of some other factor present in the enzyme preparation.
Because of the possible applications of the enzyme in chemotherapy, it was of interest to on June 29, 2017 by guest http://aem.asm.org/ Downloaded from determine its effect on the pathogen C. albicans. More than 99% of the cells were dead after 30 min of incubation with the enzyme (Fig. 2) . In another study, spheroplasts of C. albicans were prepared, and oxygen uptake was measured polarographically. These spheroplasts had about 50% of the respiration rate of untreated cells. After dilution in water all respiration ceased.
The enzyme preparation also exhibited activity against the filamentous mutant C. albicans 806. The turbidity of an assay mixture containing cells of this strain, osmotic support buffer, and 6 U of lytic activity per ml decreased by 50% in 60 min at 30°C upon dilution of the osmotic support with water. Microscopic observation showed that the walls of the filaments were degraded extensively.
Production of cell wall-degrading enzymes by growth on various substrates. In a preliminary experiment it was shown that yeast lytic activity, laminaranase, and a-mannanase were not released into the growth medium when either glucose or mannose was the sole carbon source. Autolyzed yeast, purified walls, and viable yeast cells induced the formation of these enzyme activities.
Various polymers and yeast preparations were examined as carbon sources for enzyme production. Each carbon source was suspended in 90 ml of 0.1 M potassium phosphate buffer, pH 7.0, in a 250-ml Erlenmeyer flask. After autoclaving and cooling, 10 After 3 days at 280C, the culture broth was centifuged, dialyzed, and assayed for lytic activity, laminaranase, a-mannanase, and 8-l-(1-6)-glucanase.
The results in Table 3 show that purified yeast cell wall was the best carbon source for production of lytic and laminaranase activities. Powdered autolyzed yeast (unwashed) yielded more lytic units than did washed walls from the same source. Adding 0.5% glucose to 0.4% viable S. cerevisiae produced a large amount of a-mannanase and a moderate amount of laminaranase, but relatively little lytic activity. Only a-mannanase was formed when mannan was the substrate. No a-mannanase activity was detected when Oerskovia was grown on any of the glucan substrates. Yeast glucan no. 4 (Fig. 3A) . The cells grew poorly in this medium. In the presence of autolyzed yeast walls alone, the cells grew well and multiplied as coccobacilli (Fig. 3B) . In cultures containing only basal salts and 0.8% yeast extract, cells grew well and remained in the motile rod or coccobacillary form (Fig. 30) . The presence of either 0.8% glucose or autolyzed yeast walls shifted cell morphology to the microfilament or motile rod form, respectively, during the first 24 h, but coccobacillary cells predominated after 48 h of incubation. The presence of both 0.8% glucose and autolyzed cell walls kept the Oerskovia cells in the motile rod form for more than 96 h of incubation (Fig. 3D) .
To summarize, the microfilament stage predominates when glucose is used as the carbon source; the motile rod stage is characteristic of an actively growing culture; and the coccobacillary stage occurs in late-log-phase cultures. In the presence of increasing amounts of either glucose or autolyzed yeast cell walls, the Oersko- Figure 4 shows that the lytic activity was inactivated rapidly at 50 and 60°C, whereas laminaranase activity was more stable at these temperatures. Laminaranase activity increased 20% after 2 min at 500C. Heating at 600C resulted in a slight increase in laminaranase activity at 1 min, followed by a linear decrease between 1 and 6 min. No lytic activity was detected after 1 min at 600C. Both enzyme activities remained unchanged during 6 min of incbation at 30 or 40°C.
pH stability and optimum pH. The enzyme preparation was heated at various pH values between 4.1 and 8.0 for 4 min at 500C to determine the stability of lytic activity. pH stability of the laminaranase activity was determined after 6 min at 60°C. After heating, the enzyme preparations were cooled, and their residual activities were measured at pH 6.5 by using the standard procedures. Both laminarinase and yeast lytic activities were most stable over a broad range of pH values, 5.6 to 7.0 (Fig. 5) . The effect of pH on lytic and laminaranase reaction rates is shown in Fig. 6 Effect of 2-mercaptoethanol on lytic activity. The Oerskovia enzyme preparation was very active in the absence of added reducing agent, but the addition of 0.01 M 2-mercaptoethanol to lytic reaction mixtures resulted in about a 50% increase in activity. Addition of 0.01 M 2-mercaptoethanol or 0.001 M dinitrothreitol to enzyme that had previously been heated for 2~~~~: ; potassium phosphate, pH 6.0, 6.5, 7.0, 7.6, and 8.0). The preparations were heated for 4 min at 50°C before assay for lytic activity (0) and for 6 min at 60°C before assay for laminaranase activity (0 property of the Oerskovia strains tested, and the ecological role of these organisms could be to attack and degrade yeast and fungal cell walls. Actinomycetes belonging to the genus Oerskovia are characterized by the formation of branched substrate hyphae which break up into flagellated motile elements (8) . Some of the experiments reported here show that 0. xanthineolytica exhibits three basic cell morphologies. The cells grow as microfilaments in defined medium containing glucose. In the presence of suitable nutrients (and possibly inducers) present in yeast autolysate, they multiply as motile rods. As the latter medium is exhausted, the cells transform into coccobacilli and secrete large amounts of lytic enzymes.
These cell morphologies probably contribute to survival in various stages of the life cycle. As a soil-dwelling bacterium, the microfilamentous growth would permit ramification between the soil particles. In a region of high nutrient density and moisture, the motile Oerskovia cells could proliferate and spread rapidly. As Yeast lytic activity is of primary interest in procedures that would employ this enzyme for the release of proteins or other intracellular products. Even though the extracellular yeast cell wall-degrading enzymes produced by Oerskovia could be assayed by the decrease in turbidity of yeast culture suspensions or osmotically buffered cells, the osmotic shock assay proved to be a much more sensitive and reliable indicator of enzyme activity. This type of assay is more specific for enzymes that attack essential structural wall polymers than are assays that depend upon the production of reducing sugars. Within limits, the osmotic shock assay exhibited linear relationships with time and enzyme concentration. However, it cannot be determined from the data whether some younger yeast cells or buds were more susceptible to lysis than were other older cells in the population.
In isoelectric focusing experiments, lytic activity correlated with laminaranase activity, but in various crude preparations from different strains, the ratio of lytic to laminaranase activities varied from 190 (0. xanthineolytica ATCC 27407) to 1,400 (LL Ballou strain) (calculated from Table 2 ). This 7.5-fold variation in the ratio of lytic to laminaranase activity indicates that assays for the production of laminaranase activity alone (as measured by the production of reducing sugars) is not a reliable indicator of the capacity of an enzyme to disrupt the structural integrity of yeast and fungal walls (7) . Other research, both in our laboratory (unpublished data) and elsewhere (13) , has indicated that the purified f8-(1--+3)-glucanase with the highest ratio of lytic to laminaranase activity has laminarapentaose as its initial product. Moreover, this enzyme acts synergistically with other f-(l-3)-glucanases in the crude enzyme mixture to attack and degrade the yeast wall (Jeffries, Ph.D. thesis, Rutgers University, 1975). This most lytic enzyme has a high affinity for the linear structural fl-(1-3)-glucan. Because it removes five glucose residues at a time with the production of a single reducing group, the apparent laminaranase activity is relatively low. No enzyme other than the /8-(1--*3)-glucanases present in the crude mixture is required to destroy the structural integrity of the cells. 0. xanthineolytica has been shown to grow on viable yeast cells. It produces a variety of active extracellular depolymerases, especially ,B-(1---*3)-glucanases that account for the degradation of structural wall polymers. They are probably capable of surviving at the expense of yeast and various fungal species in the natural environment. Because these enzymes exhibit high activity and degrade a wide variety of ,B-(1-3)-glucans in yeasts and fungal cell walls, they are potentially useful for release of protein from these sources.
